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Understanding the molecular-scale complexities and interplay of chemical and biological processes of contaminants at solid, liquid, and gas interfaces is a fundamental and crucial element to enhance our understanding of anthropogenic environmental impacts. Th e ability to describe the complexity of environmental biogeochemical reaction mechanisms relies on our analytical ability through the application and developmemnt of advanced spectroscopic techniques. Accompanying this introductory article are nine papers that either review advanced in situ spectroscopic methods or present original research utilizing these techniques. Th is collection of articles summarizes the challenges facing environmental biogeochemistry, highlights the recent advances and scientifi c gaps, and provides an outlook into future research that may benefi t from the use of in situ spectroscopic approaches. Th e use of synchrotronbased techniques and other methods are discussed in detail, as is the importance to integrate multiple analytical approaches to confi rm results of complementary procedures or to fi ll data gaps. We also argue that future direction in research will be driven, in addition to recent analytical developments, by emerging factors such as the need for risk assessment of new materials (i.e., nanotechnologies) and the realization that biogeochemical processes need to be investigated in situ under environmentally relevant conditions.
Advanced in situ Spectroscopic Techniques and Their Applications in Environmental Biogeochemistry: Introduction to the Special Section
Enzo Lombi,* Ganga M. Hettiarachchi, and Kirk G. Scheckel
Environmental Biogeochemistry: The Analytical Challenge
Modern-day environmental biogeochemistry is an extremely dynamic, diverse, and challenging area of research that brings together a variety of expertise ranging from mineralogy to microbiology and from analytical chemistry to molecular biology. Th is spectrum of expertise refl ects the complex nature of the subject, wherein the interaction between biotic and abiotic processes creates highly heterogeneous and dynamic systems. As such, environmental biogeochemistry is a challenging fi eld that requires a number of experimental and scientifi c approaches. For instance, global cycling of nutrients and contaminants often focus on demanding modeling processes while relying on the understanding of fundamental mechanisms driving these cycles at the microscale. Advanced spectroscopic techniques play an essential role in enhancing this fundamental understanding.
A number of techniques currently in use in this fi eld of research take advantage of the analysis of spectra (e.g., radiation or mass spectra) to infer properties of their sources. Several of these spectroscopic methods were developed in the mid-20th century and have greatly advanced biogeochemical research. For instance, commercial atomic absorption spectrometry (AAS) was largely developed by the Commonwealth Scientifi c and Industrial Research Organization (CSIRO) in Melbourne in the 1950s (Walsh, 1955) and rapidly became the method of choice for the quantifi cation of a number of elements in environmental samples. Since then, a number of techniques have continuously been developed, and the performance of some instruments, such as AAS itself, have largely been surpassed by more sensitive, accurate, and time-effi cient instrumentations. State-of-the-art spectroscopic techniques are not limited to accurate quantifi cation of concentrations but have proven invaluable in terms of assessing the speciation of elements in environmental samples. Th e issue of speciation is obviously of paramount importance in many facets of biogeochemistry in relation to bioavailability, toxicity, and cycling of contaminants and (micro)nutrients in the environmental continuum. Some of the most popular spectroscopic approaches used in biogeochemistry are based on the hyphenation between separation techniques and mass spectrometric detection (e.g., Szpunar and Lobinski, 2003) . In this case, an extraction step is required before separation and quantifi cation of the diff erent species. As argued by Feldmann et al. (2009) , this approach is generally satisfactory for elements belonging to groups 14 to 17 of the periodic table, as these elements form kinetically stable compounds with carbon. In contrast, transition metals tend to form much more labile complexes that are not stable during extraction and chromatographic separation. In this case, in situ techniques, which do not require extraction before analysis, can provide a way forward. Th ese techniques are the subject of this collection of papers.
Although a substantial proportion of in situ spectroscopic techniques were developed several decades ago, their application to environmental biogeochemistry is more recent. For instance, pioneer work on scanning electron microscopy (SEM) was published in the 1930s (Knoll, 1935) , and the coupling of SEM with energy dispersive X-ray spectroscopy (EDX) for elemental mapping occurred in the 1960s. Even one of the most advanced groups of spectroscopic techniques, those that make use of synchrotron radiation (SR), stemmed from the fi rst SR detected in the 1940s (Elder et al., 1947) . Th ese initial steps in the development of in situ spectroscopic techniques were well ahead of the relatively recent emphasis given to that part of biogeochemistry dealing with environmental issues. As a discipline, environmental biogeochemistry is fairly recent and developed from the recognition, most markedly in the 1970s, of the impact of human activities on the biogeochemical cycles of nutrients and contaminants. For instance, as noted by Sparks (2001) , it was in the 1970s that the emphasis in soil chemistry shifted from the study of plant nutrients to issues of environmental contaminants. While it could be argued that some of the approaches, if not the methodologies, have not changed drastically over the last 40 years, it is also true that major analytical breakthroughs have substantially advanced what we now know about a myriad of biogeochemical processes. Some of these breakthroughs, such as the development of ever more powerful molecular biology techniques, have been rapidly adopted by the scientifi c community and their impact is becoming increasingly evident. In the case of in situ spectroscopic techniques, their uptake has been more gradual, but in the last 10 to 15 years, the use of advanced spectroscopic techniques has accelerated drastically. For instance, a search of three leading journals in the fi eld of environmental science (Journal of Environmental Quality, Environmental Pollution, and Environmental Science & Technology) shows how the use of two powerful SR techniques in this fi eld has considerably increased in recent years ( Fig. 1) . Since the fi rst article published using extended X-ray absorption fi ne structure (EXAFS) spectroscopy in 1992, the number of publications in these journals that include the words EXAFS or XANES (X-ray absorption near edge structure) have increased to, on average, over 30 per year in the last 5 years.
It could be argued that the apparent slow application of advanced in situ spectroscopic techniques to environmental biogeochemistry can also be attributed to their original development to satisfy the needs of other research areas. For instance, the use of NanoSIMS (secondary ionization mass spectrometry), which was originally developed for material sciences, has only recently been extended in the fi eld of biogeochemistry (e.g., Herrmann et al., 2007; Moore et al., 2010) . However, this scenario is now changing as the increase emphasis given to environmental health, in view of its increasingly recognized role in maintaining a sustainable development, has translated into more and more techniques specifi cally tailored to biogeochemical investigations. At present, the use of these techniques, at least in the case of those requiring large infrastructures such as synchrotrons, is probably constrained by their limited accessibility even though environmental sciences are highly supported in terms of access to these large instruments. For instance, presently only 40 synchrotrons are operational worldwide (e.g., http://www.als.lbl.gov/als/synchrotron_sources. html), and access to these facilities is generally granted on the basis of merit where environmental biogeochemists have to compete with scientists from a multitude of disciplines ranging from medical science to archaeology. Nevertheless, as more facilities of this kind come online, it is expected that this limitation will be at least partially overcome. Th e collection of papers in this special section provide reviews of the advances in the use of in situ spectroscopic techniques in environmental biogeochemistry and report the results of original work that has used these techniques. Here, we put this collection of articles in the context of environmental biogeochemistry, summarize the recent advances and scientifi c gaps identifi ed in the collection, and provide a glimpse of future research that may benefi t from the use of in situ spectroscopic techniques.
Summaries of Papers in This Special Section
Th is special collection of articles does not cover the full spectrum of advanced in situ spectroscopic techniques. A list of advanced analytical techniques used in environmental biogeochemistry, with selected references, is given in Table 1 . For a review of the potentials and limitations of these techniques, we refer the readers to recent review articles such as McRae et al. (2009) and Lombi et al. (2010) . Some of the most novel and/or increasingly popular techniques in this fi eld are covered by the articles included in the special collection. Among these techniques those that make use of SR are rapidly becoming the methods of choice in environmental biogeochemistry and are the subject of the majority of the articles that appear in the special collection.
Synchrotron-based Techniques
An extensive review of synchrotron-based techniques is beyond the scope of this article; interested readers are directed to recent reviews such as Lombi and Susini (2009) . However, we provide a brief introduction to the basic principles of these techniques. Th e synchrotron radiation is generated when relativistic electrons are accelerated by a magnetic device. Th is radiation covers the range of the electromagnetic spectrum useful for spectroscopic investigations (e.g., infrared to X-rays). Th e advantage of using a SR source is that the quality of the radiation is much superior to that available through laboratory equipment. In particular, the SR is tunable over a much broader energy range (i.e., the appropriate energy can be selected) and is much more intense and polarized. Th is translates to higher sensitivity, higher signal:noise ratio, and the possibility to perform X-ray absorption spectroscopy (XAS) experiments that are only possible when the energy of the radiation used is tunable (which is not the case with laboratory instruments).
A major advantage of synchrotron-based techniques is the possibility to investigate biogeochemical processes at the microscale. Th is is comprehensively argued by Hesterberg et al. (2011) , who provides a rationale for spatially resolved studies in the case of highly heterogeneous materials. Th is rationale is based on the consideration that soil microsites behave as micro-or nanoreactors. A second major advantage is the possibility to investigate distribution and speciation of contaminants under realistic environmental conditions including wet samples with variable redox status. For instance, Hesterberg et al. (2011) investigates the speciation of metals using μ-XANES under anaerobic conditions and after the soils were aerobically perfused in a column system for several weeks. Th is approach provides evidence that oxidation processes are heterogeneous at the microscale and that diff erences exist in terms of the oxidation rates of diff erent metals. Th is is possibly due to galvanic protection caused by the close proximity of a mixture of metal sulfi des with diff erent oxidation potential. Using similar techniques, Beak et al. (2011) investigates an even more complex system in which the speciation of Co was not only controlled by the soil heterogeneity but was also infl uenced by the presence of plant roots. Th is in vivo rhizobox experiment provides evidence that in the rhizosphere of rice (Oryza sativa L.), Co occurs as a precipitate. Th is fi nding diff ers from aging and submergence-drying cycle studies in which sorbed species dominated the Co speciation. Furthermore, while in the bulk soil experiments both Mn and Fe oxides were found to be the main sorbing phases for Co, the role of Mn oxides was dominant in the in situ rhizosphere study. Th e infl uence of rhizosphere processes on biogeochemical processes is examined by Hashimoto et al. (2011) , who studied the eff ect of diff erent plant species on the fi xation of Pb in soil at a shooting range. Th is aspect of in situ chemical remediation is of signifi cance since revegetation of the contaminated soils is needed to reduce the dispersion of contaminated material. In particular, this study assessed the eff ect of plant roots on the conversion of cerrusite to chloropyromorphite and found that the rhizosphere of some plants, being acidic, enhanced Pb solubility. Th erefore, care must be taken in regard to the plant species to be used during phytostabilization.
X-ray absorption techniques are not only providing a highly valuable research tool in the case of metal contaminants but are also extremely useful to investigate the biogeochemical cycles of important nutrients such as P and S. Sulfur speciation in the environment is extremely complex as this element can be present in a wide range of oxidation states (−2 to +6) and in a number of organic molecules. Studying the dynamics of this nutrient in soil has been hampered by the limitation of wet-chemical reduction techniques. In recent years, S K-edge XANES has provided an extremely powerful tool for the investigation of S speciation due to the diff erences in the absorption energy position of diff erent S species (Solomon et al., 2009; Scherer, 2009) . Th is is a prime example of the usefulness of the tunability of the SR. In this collection of papers, Solomon et al. (2011) report the short-and long-term dynamics of S in soil as infl uenced by agronomic practices and C inputs. In undisturbed grassland soils, S was mainly present in strongly reduced and intermediate oxidation states. Th ese S species appear to be particularly reactive and susceptible to microbial attack when the system is perturbed by cultivation or addition of easily degradable C sources.
Th e usefulness of SR is not limited to elemental speciation and distribution as it can be extended to the investigation of organic molecules. For instance, Dokken and Davis (2011) used another portion of the SR, the infrared (IR) region, to investigate the fate and behavior of dinitrotoluenes (DNTs) in plants. Synchrotron radiation infrared microspectroscopy (SR-IMS) off ers the advantage that the IR spectra can provide information regarding the localization of various molecules on the basis of the distribution of characteristic functional groups. In this specifi c case, Dokken and Davis (2011) report that DNTs and the derivative aromatic amines mainly are found in association with lignifi ed structures and that metabolization of DNT did not occur when plants were exposed to concentrations >5 mg L −1 .
Other Techniques
Th e examples reported above provide an insight into the fl exibility of synchrotron-based techniques. However, as mentioned, SR methodologies represent only a part of the in situ spectroscopic approaches available to environmental biogeochemists. Some of these techniques have been used for decades, but the development of new technologies is ongoing. For instance, only a few examples of focused ion beam (FIB) in combination with SEM or transmission electron microscopy to investigate soil processes have been published (Lee et al., 2008; Reith et al., 2010) , and these approaches are likely to become increasingly important in the future. A sophisticated technique based on time-resolved laser fl uorescence spectroscopy and its application to the biogeochemistry of actinides is reviewed by Collins et al. (2011) . Th is technique, which has so far been used only to assess the speciation of a limited number of actinides and lanthanides, may in the near future be expanded to other metals due to the development of cryogenic techniques. Furthermore, even in the case of simple SEM analysis, new applications are being developed. For instance, Hunt and Johnson (2011) developed a technique, diff erential individual particle analysis, that combines SEM with chemical extractions. In this case, information concerning the speciation and reactivity of contaminants present in particles is inferred by the changes in the composition and shape of individual particles, as examined by SEM-EDX, before and after a chemical extraction.
Integrated Approaches
Even though any of the techniques mentioned above provides a powerful tool for the investigation of biogeochemical processes, researchers are increasingly recognizing that a comprehensive understanding of these processes can only be obtained through the integration of complementary techniques. For instance, Kizewski et al. (2011) review the diff erent information that XANES, nuclear magnetic resonance (NMR), Fourier transform IR (FTIR), and Raman spectroscopy can provide in terms of P speciation in a range of environmental matrices. In particular, while XANES and NMR can be used to directly probe environmental samples, the latter two techniques can provide detailed information regarding bonding mechanisms of relevant pure phases. An example of the benefi ts of combined approaches is provided by Gräfe et al. (2011) , who coupled quantitative evaluation of mineralogy by scanning electron microscopy (QEM-SEM) with a number of hard X-ray synchrotron techniques (μ-X-ray diff raction [μ-XRD], μ-X-ray fl uorescence [μXRF] , and μXANES) for the investigation of chemical speciation in red mud. Th is approach is extremely interesting because it couples techniques able to investigate bonding environments with methods allowing the identifi cation of mineral phases. Practically, mineralogical maps obtained by QEM-SEM can help in planning and optimizing the time available at the synchrotron, which is always limited, and are also of great help in the interpretation of the XAS information because of diff erent spatial scales and resolutions. In fact, laterally resolved XAS analysis is generally conducted on the basis of elemental distribution maps obtained by SR-XRF. As such, this approach is primarily based on the analysis of point of interest selected on the basis of metal concentrations. However, this does not take into account the mineralogy of the phase associated with the element of interest. Th e approach used by Gräfe et al. (2011) overcomes this issue as the mineralogical information can guide the detailed synchrotron investigation. Several other examples demonstrating the power of methodological integration were reported by Feldmann et al. (2009) .
Future Research Directions
In situ spectroscopic techniques will continue to evolve and increase our understanding of biogeochemical processes. In our opinion, this evolution will not only occur, as it has happened in the past, as a response to the needs of consolidated research fi elds such as material science, but it will be driven directly by the challenges facing the biogeochemical community. Th is is not only due to the increased importance given to environmental issues but, in some cases, to the fact that these needs are indeed linked. An example is provided by the continuous research eff orts on nanomaterials. In this case, the needs of the nanotechnology sector in terms of characterization of nanoparticles are mirrored by the necessity of developing similar techniques to assess the potential impact of this new class of compounds on the environment. Another development that is likely to continue regards the optimization of controlled environmental conditions that will allow the analysis of environmental samples under realistic conditions. For instance, reaction cells are being developed for the investigation of biogeochemical processes under diff erent redox and atmospheric conditions. Furthermore, in the case of biological samples such as plants and microorganisms, methods are being developed for the investigation of these systems under physiological relevant conditions. While in some cases, the techniques already available allow the study of these biological systems in vivo (Scheckel et al., 2004) , in other situations the development of cryostages or other systems that allow the study of highly hydrated samples is required.
Finally, a development in the fi eld of hard X-ray synchrotron science occurring at the moment is of such signifi cance that it deserves specifi c mention. Th is relates to the development of fast detectors such as the Maia detector system operation at the Australian Synchrotron (Ryan et al., 2009) . Th is new age in detector technology allows the exploration of larger samples, which is essential when highly heterogeneous materials are investigated. Furthermore, the present divide between imaging and speciation techniques will be overcome by the fact that speciation maps can be generated by scanning the same areas at a number of energies. Th is approach, named XANES-imaging, was recently demonstrated by Etschmann et al. (2010) , who reported the distribution of arsenite and arsenate in a mineral sample.
Th ese exciting technical developments are expected to be increasingly important in environmental biogeochemistry, providing ever more detailed understanding of fundamental biological and/or chemical processes. Nevertheless, future challenges are not limited to a mechanistic understanding of fundamental processes. Most likely, the greatest challenges will be centered around the complexity of extrapolating detailed knowledge at the micro-and nanoscale to macroscopic processes occurring at ecosystem and global levels.
